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Abstract: 

In order to improve the photochromic resistance of printed wood products, the preparation of 

double silver mixed interlayer carbon nanotube cathode in wood material printing was studied 

in this paper. A novel dual silver-mixing intermediate-layer carbon nanotube (DSMIL-CNT) 

cathode was fabricated on a horniness cathode faceplate. The silver-CNT composite electrode 

paste, which included numerous multi-walled CNTs, was printed on a transparent bar electrode 

to form a silver-CNT composite electrode with circular convex-shaped external edges. The 

particles-mixed CNT layer paste, containing many minute Ag particles, was sintered to form the 

particles-mixed CNT layer. The silver-CNT composite electrode and the particles-mixed CNT 

layer were placed between the transparent bar electrode and the top emitter layer. The CNTs on 

the top emitter layer were mainly utilized to emit electrons. Simple and feasible fabrication of 

DSMIL-CNT cathode adopted the reliable and low-cost screen-printing, baking, and sintering 

process. Using the DSMIL-CNT cathode, a flat panel display was fabricated to form the 

emission image. As compared to a common bar electrode CNT cathode, the tested DSMIL-CNT 

cathode possessed superior electron emission properties, stronger adhesion performance, and 

better emission current stability. The maximum electron emission current was 2915.7A, and 

the largest fluctuation range of electron emission current did not exceed 1.2% in the testing 

course of 120 min. In the image testing, the emission image of DSMIL-CNT cathode possessed 

higher luminous brightness and better luminance uniformity than the common bar electrode one. 

The fabricated DSMIL-CNT cathode is considered lucrative for the commercialization of flat 

panel displays. It possesses considerable potential for practical applications due to its 

preparation simplicity, excellent performance, and low production cost. 
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I. INTRODUCTION 

 

Carbon nanotubes (CNTs) comprehensively combine high aspect ratio and good electric 

conductivity, making them lucrative for producing high-performance electron emitters with a 

stable emission current 
[1-3]

. In cathode applications, where CNTs are utilized to emit electrons, 

the screen-printing method is frequently applied as a conventional cathode fabrication process 
[4-6]

. The advantages of the screen-printing process over other cathode preparation techniques 

include larger cathode area fabrication, pattern cathode preparation possibility, and lower 

production costs 
[7-9]

. However, the electron emission performance of screen-printed CNTs is 

significantly deteriorated by a random distribution of CNTs in the cathode 
[10-12]

. Although the 

emission capability of CNTs can be improved via the adhesive taping method, the residual 

adhesive often leaves secondary contaminations on the treated CNTs 
[13-15]

. Alternatively, the 

plasma bombarding method can enhance the emission uniformity of CNTs, but the treatment 

procedure is too complex and expensive 
[16-18]

. For the mechanical rubbing method, the electron 

emission performance of CNTs could be perfected, yet the damaging to the CNT cathode 

usually occurred because of the direct contact on CNT cathode and the non-uniform rubbing 

force in the treatment course 
[19-21]

. Given this, more research efforts and alternative approaches 

to the CNT cathode improvement are topical 
[22-25]

. In this paper, a new dual silver-mixing 

intermediate-layer (DSMIL) CNT cathode is proposed and tested. The cathode structure design 

and the detailed description of the manufacturing process are presented. In the preparation 

course, the low-cost screen-printing, baking, and sintering process are employed, and the 

fabrication of a transparent bar electrode, silver-CNT composite electrode, particles-mixed CNT 

layer, and top emitter layer are also introduced. The emission image of the DSMIL-CNT 

cathode with high-performance luminous brightness and uniformity is achieved. The developed 

DSMIL-CNT cathode is considered and efficient approach to improving the electron emission 

performance of screen-printed CNTs. 

 

II. EXPERIMENTAL 

 

2.1 Preparation of printing paste 

 

Multi-walled CNTs (produced by Timesnano, Chengdu Organic Chemicals Co., Ltd.) with 

the tube diameter exceeding 20nm were used in this study. Three types of printing pastes, 

namely: the silver-CNT composite electrode paste, the particles-mixed CNT layer paste, and the 

top emitter layer paste, were prepared. For silver-CNT composite electrode paste, the purified 

multi-walled CNTs, the original silver slurry, and a small amount of other organic solvents were 

mixed in a beaker to form the silver-CNT composite electrode mixture. Subsequently, the 
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silver-CNT composite electrode mixture was heated up to 85C, while an appropriate amount of 

terpineol solvent was gradually added during the continued temperature-rise period from 85C. 

After the stable heating temperature of 185C was reached, the electromagnetic stirring process 

for the silver-CNT composite electrode mixture (together with the added terpineol solvent) was 

conducted until a smooth silver-CNT composite electrode paste was formed. For the particles-

mixed CNT layer paste, the weighted Ag particles, multi-walled CNTs, and terpineol solvent 

were blended in another beaker to form a particles-mixed CNT layer mixture. The weight ratio 

of Ag particles and multi-walled CNTs was 0.5:1. Then, an electromagnetic stirring process was 

carried out for the particles-mixed CNT layer mixture. During the stirring process, an 

appropriate amount of ethylcellulose was added, and the heating process for the particles-mixed 

CNT layer mixture (together with the added ethylcellulose) was synchronous began at the same 

time. The maximum heating temperature was maintained at 96C. The stirring process 

continued until the added ethylcellulose was entirely dissolved, and a slick particles-mixed CNT 

layer paste was achieved. Finally, the top emitter layer paste was also obtained with a similar 

preparation process of the particles-mixed CNT layer paste. The only difference was that the Ag 

particles were not included in the top emitter layer paste. 

 

2.2 Fabrication of DSMIL-CNT cathode 

 

A structural schematic diagram of the DSMIL-CNT cathode is depicted in Fig.1(a). Firstly, 

the cut soda-lime glass of a 2mm thickness was used as the horniness cathode faceplate. With 

the precise photo-etching process, the indium tin oxide film on the horniness cathode faceplate 

surface was divided to form the transparent bar electrodes. The silver-CNT composite electrode 

paste was screen-printed on the horniness cathode faceplate. A baking process was performed 

for the printed silver-CNT composite electrode paste in an automatic drying oven, in which the 

constant baking temperature was 223C and the baking time was 30 min. Subsequently, the 

baked silver-CNT composite electrode paste on the horniness cathode faceplate was sintered in 

the sintering furnace. The corresponding sintering condition parameters were as follows: the 

nitrogen was utilized as shielding gas; the maximum sintering temperature was 559C; the 

holding time at the maximum sintering temperature was 7 min; the whole sintering time was 72 

min. Thus, the silver-CNT composite electrode were produced on the transparent bar electrode. 

Good electrical conduction was realized between one silver-CNT composite electrode and the 

corresponding transparent bar electrode. A structure schematic diagram of one silver-CNT 

composite electrode is illustrated in Fig.1(b). Silver-CNT composite electrodes were parallel-

arranged on the horniness cathode faceplate, while both external edges of the silver-CNT 

composite electrode had a circular convex shape. Secondly, the particles-mixed CNT layer 

paste was printed on the silver-CNT composite electrode; a baking process for the printed 

particles-mixed CNT layer paste, and a sintering process for the baked particles-mixed CNT 
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layer paste were carried out in proper sequence. The corresponding manufacture parameters 

were identical to those of the silver-CNT composite electrode, including the baking and 

sintering temperatures, sintering time, etc. Thirdly, after the top emitter layer paste was 

prepared on the particles-mixed CNT layer, the top emitter layer was fabricated. The 

corresponding baking process for the printed top emitter layer paste and the sintering process 

for baked top emitter layer paste were also performed. The baking and sintering process 

parameters were adjusted and optimized. The typical fabrication process condition parameters 

were as follows: baking temperature of 185C, baking time of 49 min, the maximum sintering 

temperature of 532C, the total sintering time of 80 min, and holding time at the maximum 

sintering temperature of 10 min. A proper post-treatment process was conducted to improve the 

top emitter layer’s electron emission capability, leading to the completion of the DSMIL-CNT 

cathode fabrication. For comparing the effects on the electron emission characteristics of 

different CNT cathodes, a common bar electrode CNT cathode was also fabricated, in which the 

top emitter layer was directly prepared on the transparent bar electrode of the horniness cathode 

faceplate. 

 

 
 

Fig 1: Structural schematic diagram of (a) the DSMIL-CNT cathode and (b) the silver-CNT 

composite electrode. 

 

III. RESULTS AND DISCUSSION 

 

3.1 Surface morphology of CNT cathode 

 

The surface morphology of CNT cathode was observed with the scanning electron 

microscopy (SEM). The corresponding SEM photos of both types of CNT cathodes were 

obtained, as shown in Fig.2(a-d). The surface morphology of the baked DSMIL-CNT cathode is 

illustrated in Fig.2(a). As seen from Fig.2(a), there were many organic binder materials on the 

DSMIL-CNT cathode surface. Due to the strong viscosity of organic binders, many CNTs were 

glued together, of which the electron emission of CNT could be seriously obstructed. 

Meanwhile, many CNT ends were covered by binder materials and, thus, could not protrude 
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from the cathode surface. Even if the electric field intensity on the cathode surface was 

sufficient to emit electrons, these CNT ends were non-operational. Consequently, the organic 

binder materials needed to be removed. The surface morphology of the sintered DSMIL-CNT 

cathode is presented in Fig.2(b). After the sintering process, a clear CNT cathode surface was 

formed, as seen from the photo. In Fig.2(b), several facts can be observed. Firstly, a 

homogeneous CNT cathode surface was obtained, and many CNTs twined each other. So, more 

CNTs could take part in the normal electron emission. Secondly, there were many CNT ends on 

the CNT cathode surface, which generated additional sources of the electron emission. Due to 

the random distribution of CNT ends, the mutual interference of electron emission in different 

CNT ends disappeared. Thirdly, due to the top emitter layer’s covering, no Ag particles in the 

particles-mixed CNT layer and the silver-CNT composite electrode could be observed. 

Therefore, the parasitical electron emission from minute Ag particles was avoided. Finally, in 

the preparation course of the DSMIL-CNT cathode, the sintering process was adopted in all 

experiments. The maximum sintering temperature for the top emitter layer of 532C was 

maintained for 10 min. At such a high sintering temperature, the organic binder materials were 

rapidly vaporized and disappeared. The argon was employed as a shielding gas in the sintering 

course, which inhibited the re-deposition of organic binder materials or other impurities. Thus, 

the organic binder materials could be eliminated more thoroughly. The CNT could endure a 

high temperature exceeding 950C, so all CNTs in the DSMIL-CNT cathode were preserved. 

Moreover, due to good argon shielding, CNTs of DSMIL-CNT cathode also were not oxidized 

in the sintering course. 

 

Figure 2(c) depicts the surface morphology of baked common bar electrode CNT cathode. 

As seen in Fig.2(c), massive organic binder materials survived the baking process and kept 

obstructing the normal electron emission of CNTs. The comparative analysis of Fig.2(a) and 

Fig.2(c) revealed the following trends. Firstly, in the preparation course of CNT cathode, the 

baking process could be used as a pre-processing procedure of the sintering process, only 

relying on the baking process, the organic binder materials in CNT cathode paste could not be 

eliminated effectively. Secondly, the baking process was also an indispensable step for the 

preparation of CNT cathode. During the baking process, the aqueous organic solvent in paste 

would be prior cleaned. In the absence of the baking process’s pre-processing procedure and 

direct conduction of the sintering process, numerous cracks would appear on the CNT cathode 

surface due to the possible anisotropic surface tension. Thirdly, for both types of CNT cathodes, 

the baking process was conducted, and the treated results were similar and satisfactory. Thus, 

the baking process was applicable and recommended for both types of CNT cathodes. The 

surface morphology of the sintered common bar electrode CNT cathode is depicted in Fig.2(d). 

As seen from the photo, after the sintering process, the common bar electrode CNT electrode 

also possessed a smooth cathode surface morphology. In the common bar electrode CNT 
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cathode, the top emitter layer was directly printed on the transparent bar electrode, while in 

DSMIL-CNT cathode, the top emitter layer was fabricated on the particles-mixed CNT layer. 

For both types of CNT cathode, CNTs in the top emitter layer were utilized to emit cathode 

electrons. Since the top emitter layers were identical, it was not surprising that the cathode 

surface morphology of the common bar electrode CNT cathode and the DSMIL-CNT cathode 

was similar. The organic binder materials were removed quite effectively, and a pure CNT layer 

remained. For both types of CNT cathodes, no floating CNTs were revealed in the CNT cathode 

surfaces, and all CNTs possessed a good adherence to the cathode surface. It was advantageous 

to enhance the adhesive performance of CNT and improve the electron emission capability of 

CNT, insofar as any separation of floating CNTs could cause the short circuit of CNT cathode 

and grid, which would directly lead to scraping of the flat panel display and hinder the normal 

electron emission of CNTs. 

 

         
(a)                                                           (b) 

        
(c)                                                          (d) 

 

Fig 2: SEM photo of surface morphology for (a) baked DSMIL-CNT cathode, (b) sintered 

DSMIL-CNT cathode, (c) baked common bar electrode CNT cathode, and (d) sintered common 
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bar electrode CNT cathode. 

 

3.2 Experimental curves of electron emission characteristics 

 

For the in-depth study of electron emission characteristics, the integrated vacuum measuring 

system platform was employed for both types of CNT cathodes. The measured characteristics 

were obtained and plotted in Fig.3. The identical measuring conditions were used as follows: 

the DSMIL-CNT cathode and common bar electrode CNT ones were installed in the vacuum 

chamber of the integrated vacuum measuring system platform; the anode potential and grid 

potential were applied with different direct current (DC) electric sources on the experiment 

platform; the ammeters were used to monitor the electron emission current; the anode potential 

was fixed at 1.82kV and remained unchanged in the measuring course; the vacuum chamber 

pressure had the order of 10
-4

 Pa. 

 
 

Fig 3: Experimental curves of electron emission characteristics for (a) the DSMIL-CNT 

cathode, and (b) the common bar electrode CNT cathode. 

 

Firstly, according to the overall variation trends of the electron emission characteristic 

curves depicted in Fig.3, both types of CNT cathodes possessed a typical electron emission 

capability, which complied with the electron emission dynamic change rule of CNTs. For 
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example, when the electric field intensity was enhanced from 2.62 to 2.91V/m, the electron 

emission current of the DSMIL-CNT cathode was increased from an initial 763.5 to 1617.5A, 

while that of the common bar electrode CNT cathode also grew from an initial 526.8 to 

1135.4A. The analysis shows that, in the DSMIL-CNT cathode, the silver-CNT composite 

electrode and the particles-mixed CNT layer possessed good cathode potential transferring 

performance. Thus, a strong electric field intensity was formed on CNT ends of the top emitter 

layer, and the CNT ends would be compelled to emit electrons into the vacuum. With the 

enhancement of applied electric field intensity, the number of cathode electrons provided by 

CNT ends would also be increased according to the “field emission” change rule. So it was 

natural that the cathode current would become larger. Meanwhile, in both DSMIL-CNT cathode 

and common bar electrode CNT ones, cathode electrons would derive from CNTs of the top 

emitter layer, which is consistent with the previous description (SEM photos in Figs.2(b, and 

d)). In the DSMIL-CNT cathode, due to the coverage by the top emitter layer fabricated on the 

particles-mixed CNT layer, the Ag particles would not appear on the cathode surface. To avoid 

a poor-performance parasitic electron emission of Ag particles and its interference with CNT 

ends’-produced one, the top emitter layer of the DSMIL-CNT cathode, which suppressed the 

electron emission from minute Ag particles, was designed and fabricated. This was consistent 

with the results of SEM analysis for the DSMIL-CNT cathode in Fig.2(b): typical “field 

emission” characteristics of both types of CNT cathodes confirmed that the emission current 

came from the CNT, rather than from the Ag particles. Secondly, seen from the changing 

strenuous degree of the experimental curve, the electron emission characteristics of the DSMIL-

CNT cathode were superior to those of the common bar electrode CNT one. For example, at the 

initial stage of the curve, when the electric field intensity was enhanced from 2.12 to 2.39V/m, 

the increment of electron emission current for the DSMIL-CNT cathode was 240.6A, which 

exceeded that of the common bar electrode CNT cathode of 136.3A. Within the same electric 

field intensity interval of 0.27V/m, the difference of emission current increasing range for both 

types of CNT cathode was 104.3A. It was obvious that the emission current increasing range 

of the DSMIL-CNT cathode was large. Nevertheless, at the intermediate curve stage, when the 

electric field intensity was enhanced from 2.78 to 3.05V/m, the emission current increasing 

range of common bar electrode CNT cathode was 724.1A, which was less than that of 

DSMIL-CNT cathode of 1188.7A. Again, the electric field intensity interval was also 

0.27V/m. However, the difference in emission current increasing range for the two CNT 

cathodes rose to 464.6A. The analysis shows that, in the DSMIL-CNT cathode, with the 

silver-CNT composite electrode, many CNTs and original silver slurry particles were included 

in silver-CNT composite electrode paste and underwent the printing, baking, and sintering 

processes. After the sintering process, the printed original silver slurry had been solidified, so 

the CNTs were embedded or semi-embedded into the silver-CNT composite electrode. This 
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improved the electric contact between the silver electrode and CNTs. The contact resistance 

was decreased greatly, and the transmission of electrons between the silver electrode and CNTs 

would be smoother. Moreover, for the semi-embedded CNTs in the silver-CNT composite 

electrode, one end was fixed on the silver electrode, while the other end was twined around with 

the CNTs in the top emitter layer or particles-mixed CNT layer. This contributed to enhancing 

the adhesive performance of CNTs: even under a strong electric field intensity, the CNTs would 

not fall-off easily. With the fabricated silver-CNT composite electrode, the cathode potential is 

required for good conductivity of the CNTs in top emitter layer; so, with the same electric field 

intensity interval, the increasing range in the emission current for DSMIL-CNT cathode is 

enhanced. Thirdly, according to the experimental curve’s peak value trend, the DSMIL-CNT 

cathode possessed stronger electron emission capability. For example, with the same electric 

field intensity of 2.83V/m, the electron emission current of the DSMIL-CNT cathode was 

1276.8A, while that of common bar electrode CNT cathode was only 926.7A; the difference 

of emission current for both types of CNT cathode was 350.1A. It was evident that the 

emission current of the DSMIL-CNT cathode was larger. On the contrary, for the same 

emission current of 1463.6A, the common bar electrode CNT cathode’s required electric field 

intensity was 3.02V/m, exceeding that of DSMIL-CNT cathode (2.87V/m). The difference in 

the required electric field intensity for both types of CNT cathode was 0.15V/m. Furthermore, 

the maximum emission current of the DSMIL-CNT cathode was 2915.7A, while that of the 

common bar electrode CNT cathode was 1773.5A. The analysis shows that Ag particles were 

added to the particles-mixed CNT layer, and the particle diameter of Ag particles was similar to 

that of CNTs. In the sintering course, numerous Ag particles penetrated the idle space of CNTs, 

and the vacuum among CNTs was occupied. On the one hand, after the sintering process, CNTs 

in the top emitter layer and particles-mixed CNT layers twined each other, the interface between 

the top emitter layer and the particles-mixed CNT layer would also disappear. Due to the 

efficient separating of Ag particles in dense CNTs, the electric field enhance factor was strongly 

improved, while the electric field shielding effect of adjacent CNTs was weakened. On the 

other hand, the Ag particles spread all over the silver-CNT composite electrode surface and 

were in close contact with the CNTs, which expanded the contact area between the CNTs and 

the silver electrode. The cathode electrons could emit more rapidly and, as a result, the electron 

emission current of the DSMIL-CNT cathode would be larger with the identical electric field 

intensity. Besides, in the DSMIL-CNT cathode, silver-CNT composite electrodes were 

fabricated over the transparent bar electrode. Due to the good electric conduction between the 

silver-CNT composite electrode and the transparent bar electrode, CNTs in the top emitter layer 

could reach the required level of cathode potential, which was beneficial for more intensive 

electron emission current. In one silver-CNT composite electrode, the circular convex shape on 

the outer electrode edges was designed. As compared to the transparent bar electrode, the 

electrode area of the DSMIL-CNT cathode was effectively increased, which implied that more 
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CNT ends would be prepared on the electrode surface. As more CNT ends were involved in the 

electron emission, it was advantageous that the large emission current was formed for the 

DSMIL-CNT cathode. As seen from Fig.3, the common bar electrode CNT cathode needs more 

intense electric field intensity to achieve the required emission current. These results were 

corroborated by the experimentally revealed increase in the emission current of the DSMIL-

CNT cathode. 

 

3.3 Emission current stability comparison 

 

Emission current stability is one of the key technological indexes for evaluating the practical 

application of the DSMIL-CNT cathode 
[26-29]

. The DSMIL-CNT cathode must provide a stable 

cathode current for a long time if the flat panel display could operate normally 
[30-33]

. The 

emission current stability testing for DSMIL-CNT cathode and common bar electrode CNT 

cathode was carried out on an integrated vacuum measuring system platform. Both types of 

CNT cathodes were placed in a closed drying oven for idle placement of 24 h. Then, both types 

of CNT cathode were tested in a proper sequence, and the testing conditions were as follows: 

the measuring time was 120 min; the measuring process was continuous; the emission current 

was monitored with DC ammeter, and the initial emission current was set to 763.5A; the 

measuring time interval was 3 min. The experimental curves of emission current stability for 

both types of CNT cathode are depicted in Fig.4. 

 
 

Fig 4: Experimental curves of emission current stability for (a) the DSMIL-CNT cathode, 

and (b) the common bar electrode CNT cathode. 
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As seen in Fig.4, (1) Comparing with the common bar electrode CNT cathode, the variation 

trend of emission current for the DSMIL-CNT cathode was more stable. In the measuring 

course, the rising and falling of emission current would exist for both types of CNT cathode. 

However, the fluctuation range of emission current for the DSMIL-CNT cathode would not 

exceed 1.2%. For the common bar electrode CNT cathode, at the former measuring stage (for 

example, the testing time range was 0~72 min), the maximum fluctuation range of emission 

current reached 4.5%; at the latter measuring stage (for example, the testing time range was 

73~120 min), the maximum fluctuation range of emission current would exceed 5.9%. (2) As 

compared to the common bar electrode CNT cathode, the DSMIL-CNT one possessed a more 

persistent emission current. In the measuring course of 120 min, the strong electron emission 

capability was maintained for the DSMIL-CNT cathode, in which the rising and falling ranges 

of emission current were smaller. However, after idle placement of 24 hours, the emission 

current value was not significantly decreased. For the common bar electrode CNT cathode, a 

proper emission current could be preserved in the former measuring stage. Yet, at the latter 

measuring stage, the electron emission current decreased significantly with the extension of 

measuring time, and the rebound trend to the proper emission current did not appear. Given the 

above findings, the emission current stability of the DSMIL-CNT cathode was superior. In 

DSMIL-CNT cathode, the silver-CNT composite electrode was fabricated, in which the cathode 

potential could be conducted rapidly, the CNT ends could be effectively increased, and the 

contact resistance between the silver electrode and CNTs could be reduced; the particles-mixed 

CNT layer was also prepared, of which the adhesive performance of CNTs could be 

significantly enhanced. So, the DSMIL-CNT cathode could possess more reliable and stable 

electron emission. 

 

3.4 Emission images comparison 

 

Utilizing the integrated vacuum measuring system platform, the application effectiveness of 

the DSMIL-CNT cathode was tested. The common experimental anode faceplate and correlated 

components were first fixed in the vacuum chamber of the integrated vacuum measuring system 

platform, and multiple DSMIL-CNT cathodes were arranged and assembled behind the 

common experimental anode faceplate; the gas in the vacuum chamber was evacuated to form a 

vacuum environment. Whether the emission image luminescence could be realized was an 

appropriate and expeditious method to predict the application effectiveness of the DSMIL-CNT 

cathode. Fig.5 presents a group of real testing photos in the experiment. The green phosphor 

was prepared on the experimental anode faceplate, so the green luminescence of image pixels 

could be achieved. Since the electron emission abilities of each DSMIL-CNT cathodes were 

different, there were also differences in the luminous brightness for image pixels on the 
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common experimental anode faceplate. If the image pixels had been illuminated and the 

luminous brightness was high, the corresponding DSMIL-CNT cathode’s application 

effectiveness would be superior, and the corresponding DSMIL-CNT cathode was also suitable 

for the packaging in flat panel display. If some image pixels were almost non-luminous, or the 

luminous brightness of other image pixels was low, the application effectiveness of those 

corresponding DSMIL-CNT cathodes was poor, and the latter cathodes should be directly 

rejected. 

 

 
Fig 5: Real testing photos of application effectiveness for the DSMIL-CNT cathode. 

 

Using the DSMIL-CNT cathode with good application effectiveness, a flat panel display 

sample was fabricated. The horniness cathode faceplate and the horniness anode faceplate were 

used to constitute the vacuum room. After the exhaust process, the packaged DSMIL-CNT 

cathode was located in the vacuum environment. A photo of a flat panel display with DSMIL-

CNT cathode is presented in Fig.6(a). As seen from the photo, the flat panel display’s image 

pixels were on the horniness anode faceplate. Due to the covering of the horniness anode 

faceplate, the DSMIL-CNT cathode was invisible from the flat panel display. The horniness 

cathode faceplate was both the vacuum room’s outer shell and the substrate of the DSMIL-CNT 

cathode. After the proper bias voltage were applied, image pixels’ image luminescence for flat 
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panel display appeared. The electron emission current could be monitored with ammeter, and 

good electron emission characteristics would also be demonstrated. This implies that the 

DSMIL-CNT cathode fabrication was feasible. Utilizing a common bar electrode CNT cathode, 

the corresponding flat panel display with a similar manufacturing structure was also fabricated, 

in which the only difference was that the DSMIL-CNT cathode was replaced. The emission 

image of the common bar electrode CNT cathode is shown in Fig.6(b), and that of DSMIL-CNT 

cathode is illustrated in Fig.6(c). As seen from the emission images, both types of CNT cathode 

could provide cathode electrons to form the cathode current, and the emission image was also 

formed. The luminous brightness of image pixels was appropriate, which also indicated that the 

number of cathode electrons generated by both types of CNT cathode was sufficient. The 

comparative analysis of the two emission images revealed significant differences in their 

technical specifications, including the luminous brightness and luminescence uniformity. In 

Fig.6(b), the luminous brightness of image pixels was not homogeneous; the luminous 

brightness of different image pixels varied greatly. Moreover, some image pixels would not 

generate visible light at all. However, in Fig.6(c), all the image pixels’ luminescence was 

uniform, and the luminous brightness was also quite high. Due to higher luminous brightness, 

the center of some image pixels became white, with green tints around the image pixel. The 

luminescence of all the high-brightness image pixels was visible in daylight. The above findings 

strongly indicate that the developed DSMIL-CNT cathode possessed excellent electron 

emission performance and application effectiveness. 

 

 
(a) 
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(b)                                                                           (c) 

 

Fig 6: (a) Real photo of flat panel display with DSMIL-CNT cathode, (b) emission image of 

the common bar electrode CNT cathode, and (c) emission image of the DSMIL-CNT cathode. 

 

IV. CONCLUSIONS 

 

Feasibility studies on the fabrication of DSMIL-CNT cathodes for practical applications 

were performed. The DSMIL-CNT cathode consisted of four layers, in which the transparent 

bar electrode, silver-CNT composite layer, particles-mixed CNT layer, and top emitter layer 

were included. CNTs in the top emitter layer were the main cathode electron sources. The 

cathode potential applied to the transparent bar electrode could be conducted with the 

introduced silver-CNT composite electrode and particles-mixed CNT layer. The conventional 

screen-printing, baking, and sintering processes also contributed to the low-cost fabrication of 

the DSMIL-CNT cathode. The emission current of the DSMIL-CNT cathode was not 

significantly reduced during the continuous operation for up to 120 min, which confirmed the 

excellent emission current stability of the DSMIL-CNT cathode. The fabricated DSMIL-CNT 

cathode possessed superior electron emission characteristics and good adhesive performance, 

which also indicated that it was a good optional approach of improving the electron emission 

performance of screen-printed CNTs. When the electric field intensity was enhanced from 2.12 

to 2.39V/m at the initial testing curve stage, the emission current increasing range of the 

DSMIL-CNT cathode was 240.6A. At the testing curve intermediate stage, when the electric 

field intensity was enhanced from 2.78 to 3.05V/m, the increment of emission current was 

widened to 1188.7A. The maximum electron emission current for the DSMIL-CNT cathode 

was 2915.7A. The emission image of the DSMIL-CNT cathode, with good luminance 

uniformity and high luminous brightness, could be successfully achieved. The fabrication of the 

DSMIL-CNT cathode would advance commercial flat panel displays and their practical 

applications. 
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